A simple method for generating single-spike hard x-ray pulses in free-electron lasers (FELs) has been developed at the Linac Coherent Light Source (LCLS). This is realized by nonlinear bunch compression using 20-pC bunch charge, demonstrated in the hard x-ray regime at 5.6 and 9 keV, respectively. Measurements show about half of the FEL shots containing a single-spike spectrum. At 5.6-keV photon energy, the single-spike shots have a mean pulse energy of about 10 μJ with 70% intensity fluctuation and the pulse full width at half maximum is evaluated to be at 200-as level.
During the past few decades, great efforts have been made in generating attosecond radiation [1] [2] [3] . These pulses offer an opportunity for studying electronic dynamics on the atomic or molecular scale and are expected to inspire new breakthroughs in ultrafast sciences [4, 5] . Presently attosecond radiation pulses are mostly generated by high-order harmonic generation (HHG) technique with photon energy typically up to a few hundred eV [6] . Extending the spectral range to the keV level has been recently demonstrated [7] , but the obtained harmonic yields are very low.
Free-electron lasers (FELs) [8] [9] [10] provide an alternative way for generating intense ultrashort radiation pulses at the keVenergy regime, and a few facilities have been successfully operated in recent years [11] [12] [13] [14] . Nowadays most of the x-ray FELs are based on a self-amplified spontaneous emission (SASE) mechanism. In such FELs, the radiation copropagates with the electron bunch along the FEL undulator and the initial low-power radiation source, originating from the spontaneous emission of the electron bunch, gets amplified through interaction with the electrons until the process saturates. The total radiation pulse duration is therefore determined by the lasing part of the electron bunch, which is typically tens of femtoseconds (fs) long containing many temporal spikes. The width of one single spike in the hard x-ray SASE radiation is, determined by coherence length [10] , typically about 200-300 as.
To further shorten the total pulse duration down to the attosecond regime, various ideas have been proposed with the x-ray FELs [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] . A common way is based on time slicing of the electron bunch, in which the lasing part of the electron bunch is selectively controlled by an extremely short optical laser pulse, by a slotted foil, or by a bunch tilt with subsequent orbit control [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] . The slicing scheme uses an electron beam with a regular bunch charge, but requires implementing additional hardware in the existing facility. At the Linac Coherent Light Source (LCLS), a slotted foil [35] has been installed for short pulse operation [36] . Recently, a dechirper device [37] has also become available at the LCLS which has been used for lasing control with a bunch tilt [38] . They are both established short-pulse operating modes in the femtosecond regime. As far as we know, the only demonstrated attosecond x-ray FEL is the recent measurement using an upgraded slotted foil at the LCLS [34] . Another way is reducing the bunch charge dramatically (e.g., 1 pC) together with strong compression [31] [32] [33] . This extreme low-charge mode (∼2 orders lower than the designed FEL machines) imposes extra requirements on the electron beam diagnostics and accelerator stability.
In this Letter, we report experimental demonstration of generating single-spike sub-fs hard x-ray FEL pulses at the LCLS with a recently proposed nonlinear bunch compression scheme [39] . This is realized by optimizing the voltage and phase of an existing high-harmonic radio-frequency (rf) structure, through which a nonlinearly curved electron distribution in the longitudinal (time-energy) phase space is formed after bunch compression. The electron current profile is then comprised of a high-current leading peak (a horn) and a long low-current tail. As a result, the FEL process can be restricted within the leading peak enabling much shorter x-ray pulses compared to the electron bunch. This method can be applied directly to any existing x-ray FEL facility since no additional hardware is required.
The LCLS, as sketched in Fig. 1 , comprises a 135-MeV injector (not shown in the figure) , a 1-km-long linac with two four-dipole chicane bunch compressors (BC1 and BC2) at 220 MeV and 5 GeV, respectively, a 132-m-long undulator line, and transport beam lines [12] . The linac includes three sections of S-band rf traveling-wave structures at 2.856 GHz (L1S, L2, and L3) and one fourthharmonic X-band rf section (L1X). The electron bunch is longitudinally compressed by BC1 and BC2. To do this, we accelerate the electrons at an off-crest rf phase so that the electron bunch has a time-energy chirp. During the passage through the chicane, the high-energy tail travels a shorter path to catch up with the low-energy head so that the bunch is compressed in time. In regular FEL operation, the timeenergy chirp before the compressor is expected to be linear in order to generate a uniform final current profile. This is realized by the fourth-harmonic rf structure L1X through decelerating the electron beam, which cancels the S-band rf-curvature induced nonlinear correlation [40] . Accordingly, we call the harmonic structure a phase space "linearizer" in regular FEL operation.
In the nonlinear compression scheme, as studied here, we intentionally reduce the amplitude of the fourth-harmonic rf structure L1X so that the electron bunch has a nonlinear timeenergy chirp. During BC2 compression, we set the middle part of the bunch to get fully compressed while the head and tail are compressed differently. As a result, a "banana"shaped electron distribution in the longitudinal phase space is formed after BC2, and the resultant current profile has a high-current leading peak together with a low-current tail [see Fig. 1(a) ]. This distribution is similar to that achieved in the early operation stage of FLASH before adding a linearizer [41] , but here we can control the curvature of the nonlinear longitudinal phase space to get a stable, highcurrent spike by optimizing the L1X parameters.
The longitudinal space charge (LSC) force downstream BC2 becomes an important factor in the system, which pushes the electrons near the horn head (tail) to higher (lower) energy. The strength of the LSC fields depends on the derivative of the electron beam current. As a result, the strong LSC force in the horn region forms a time-energy chirp with higher energy on the front, as seen in Figs. 1(b) and 1(c). Fortunately, this time-energy chirp can be leveraged by reversely tapering the undulator field strength, i.e., increasing the field strength along the undulator [19, 42] . As the radiation slips forward with respect to the bunch, it interacts with higher-energy electrons at stronger undulator fields, and the FEL resonance condition is preserved. Since the chirp in the core is distinguished from other parts, the taper we choose according to the core part not only maintains lasing on the current horn, but also suppresses lasing elsewhere, which further shortens the x-ray pulse duration [39] . As shown in Figs. 1(d) and 1(e), simulations predict the production of single-spike x-ray pulses with a full width at half maximum (FWHM) duration around 200 as and a 10 eV FWHM bandwidth.
In the nonlinear compression experiment at the LCLS, we chose the bunch charge to be 20 pC, which is the lowest charge established for short pulse (< 10 fs) operation [43] at the LCLS determined by the diagnostics sensitivity. Starting from a regular operating mode with linear compression (L1X voltage set at 19-20 MV, phase at −160°), we only need some minor adjustments of the linac rf parameters to realize nonlinear compression. The rf amplitude of L1X was reduced first, together with L1S adjustment for maintaining the energy and current after BC1 at the same values as in the linear compression setup. Then we scanned the L2 phase (the L2 amplitude is adjusted accordingly to keep a constant energy gain in L2) to find the minimum bunch length using the BC2 bunch length monitor (BLM) [44] . According to the measured electron profile and FEL spectra, the L1X amplitude and phase are further optimized. A list of the main LCLS parameters for nonlinear compression configuration is shown in Table I .
Longitudinal diagnosis of the electron beam is a critical part for carrying out this experiment. We have three longitudinal diagnostic systems available at the LCLS: a relative BLM after BC2 [45] , an X-band rf transverse deflector (XTCAV) downstream of the undulator [46] , and a middle-infrared (MIR) prism spectrometer before the undulator [47] . The BLM is based on coherent edge radiation from the last bend magnet of the compressor chicane. It is a noninterceptive, single-shot measurement calibrated by a transverse deflector at 150-250 pC [44] . At this 20 pC charge, no calibration has been made but it still provides a fast way to roughly determine the compression mode. (The signal peaks at full compression.) Starting from the undercompression side, increasing the chirp makes a maximum (full) compression on the bunch head (other parts are still undercompressed), resulting in a leading current spike. After that, a small increase of the chirp shifts the full compression section towards the bunch center, while the head is overcompressed and the tail is still undercompressed. This is the desired operating point with a banana shape. A further increase in the chirp makes the whole bunch overcompressed, where the bunch head and tail are switched. Operating in the longer pulse range, as in the undercompression or overcompression, it is possible to measure the time-energy phase space distribution with the XTCAV. However, measuring the phase-space of the banana-shaped beam is beyond the XTCAV resolution (the resolution with upgraded SLED mode [48] is about 2 fs rms [49] at the high energy range above 10 GeV). For this extremely short bunch, the MIR prism spectrometer provides a better resolution to guide the setup. The MIR prism spectrometer diagnostic is based on measuring the power spectrum of the light produced by an electron bunch undergoing a coherent transition radiation process with a thin foil. While we scan the L2 phase, the bunch length after the BC2 compressor is varied and each single shot spectrum is recorded. We show the spectral measurements with the MIR prism spectrometer in Fig. 2 with electron beam energy at 14 GeV. The 2D plot shows spectral intensity distribution as a function of the L2 phase and the radiation spatial frequency κ ≡ 1=λ (λ is the transition radiation wavelength), where the maximum bandwidth (Δκ) corresponds to minimum bunch length (maximum compression). Note the BLM signal is also recorded simultaneously during the MIR prism measurement, and we see a good correlation between the bandwidth from the MIR spectrometer and the BLM signal intensity. From Fig. 2 , one can see the measured maximum bandwidth at the nonlinear compression mode (L1X at 12 MV) is clearly larger compared to the one at linear compression (L1X at 19 MV). The electron current profile can be retrieved from the measured spectral profile by the Kramers-Kronig phase reconstruction method (see details in Ref. [47] and references therein). We show two examples of the reconstructed current profile at the maximum compression, with L1X at 12 MV and 19 MV, respectively. As shown in Fig. 2 , at nonlinear compression, the peak current is increased by about a factor 2 with bunch duration about 1 μm (3 fs) FWHM. Note that with these extremely short pulses, the measurement is still limited by instrument resolution with high-frequency content clearly extending just beyond the range of the spectrometer, and so this is still only an upper limit of the pulse duration.
The nonlinearly compressed electron bunch was then transported to the LCLS undulator for producing x rays. As discussed earlier, the LSC induces a distinguished chirp at the core part of the bunch. Inside the undulator, the LSC force is even stronger due to wiggling motion [50] , further enhancing the time-energy chirp within the electron bunch. During the experiment, we applied a linear reverse taper to counteract this chirp effect.
Temporal characterization of these short x-ray pulses is very challenging. Instead, spectral domain diagnosis provides an alternative way [42, 51] . At the LCLS, a transmissive hard x-ray single-shot spectrometer has been developed [52, 53] . Based on the Bragg reflection of a parallel incoming x-ray by a cylindrically bent silicon crystal, the spectrometer has a wide spectral range in the hard x-ray regime and a resolution at sub-eV level, which is sufficient to resolve individual SASE spectral spikes in the experiment. Figure 3 shows the FEL spectrum evolution while switching the LCLS from the regular linear compression mode to the nonlinear compression mode at the photon energy of 9 keV. The electron beam energy is 14 GeV. Each histogram in Fig. 3 (left column) was computed based on 2000 consecutive shots. We see that in the regular linear compression mode (without reverse tapering), most of the shots have 5-7 spikes. By reducing the L1X voltage to 15 MV (with adding a reverse taper of 5.5 × 10 −5 m −1 from undulator U17 to U32), the number of spikes in each shot is reduced, with more than half of the shots presenting 2-3 spikes. Lowering L1X to 12 MV, we achieved most of the shots with single or double spikes as shown in the figure. The average pulse energy of the single-spike shots is about 7 AE 4 μJ. If we further reduce L1X to 10 MV, the histogram of the spike number is similar to the case at 12 MV, but the average pulse energy is reduced to 4 AE 3 μJ. This means that further reducing the L1X amplitude would preserve a current spike but with lower current value, which degrades the FEL performance. For this 9-keV photon beam, we concluded that L1X at 12 MV is an optimal condition. We kept a constant reverse tapering for all the reduced L1X amplitudes of 10-15 MV. The FEL performance was not sensitive to the tapering variation within a range of AE10%, probably because a rather long undulator was used in the experiments. The right column of Fig. 3 shows one typical spectrum recorded at each setting. As we can see, the number of spikes is reduced and the spike width is increased while lowering the L1X voltage. Based on the statistical theory, the pulses should have a similar number of spikes in time domain.
More measurements were performed at the x-ray photon energy of 5.6 keV, with electron beam energy at 11.5 GeV. After optimization, we chose the L1X at 13 MV which produces the highest ratio of single-spike pulses. A reverse tapering of 5.0 × 10 −5 m −1 was applied from undulator U7 to U32. In Fig. 4 , we plot the histogram of the number of spikes calculated on a data set with 8400 consecutively recorded spectra. About 50% of the shots have a single spike. After sorting the shots according to the number of spikes, the average energy for the single-spike shots was about 10 μJ with 70% fluctuation. We also show ten continuous single-spike spectral examples choosing from the sorted single-spike group. The FWHM bandwidth of these measured single-spike spectra, obtained through Gaussian fitting, was 11.3 AE 4.2 eV. Such a bandwidth yields a duration of 162 AE 60 as FWHM assuming that the pulses have Fourier-transform-limited Gaussian distribution. However, as the FEL was generated by time-energy chirped electrons herein, the radiation presents a frequency chirp leading to an underestimate of the pulse length.
To estimate the FEL pulse duration, we used a simple model assuming a linearly chirped Gaussian pulse [54] . With this model, the FWHM pulse duration, τ p , can be calculated using
where Δf p is the spectral FWHM in Hz, f 0 is the central frequency in Hz, α is the frequency chirp parameter defined as the relative change of instantaneous frequency over time Δt, i.e., α ¼ Δf=f 0 =Δt. As discussed in the Supplemental Material [55] , typically there are two solutions of the pulse duration for a given pulse spectral bandwidth and chirp, and the solution we are using from Eq. (1) is benchmarked with simulation results. An accurate measurement of the frequency chirp is unavailable in the experiment. Note that Eq. (1) has an upper limit of τ p;max ¼ 2 ffiffi ffi 2 p ln 2=ðπΔf p Þ when jαj ¼ πΔf 2 p =ð4 ln 2f 0 Þ, a maximum achievable frequency chirp in absolute value at a given spectral width and central frequency. So we can estimate the upper limit of FWHM pulse duration to be 228 AE 85 as for the singlespike shots at 5.6 keV using measured bandwidth 11.3 AE 4.2 eV. A similar estimate for the 9 keV singlespike data (FWHM bandwidth is 14.4 AE 4.7 eV with L1X at 12 MV) gives an upper limit of the FWHM pulse duration of 179 AE 58 as.
In conclusion, we have demonstrated a simple way for generating single-spike hard x-ray FEL pulses at the LCLS. We measured single-spike pulses with estimated FWHM pulse duration at the 200-as level at 5.6 and 9 keV. We expect to have a similar performance in a range of 4-10 keV, and in principle this scheme should also work in the soft x-ray regime. Because of a larger slippage length at soft x-ray FELs, a single spike width is expected to be about 1-2 fs.
